A three-family non-supersymmetric model with U (3) 3 gauge symmetry is analyzed in the context of intersecting D-branes. This is equivalent to the 'trinification' model extended by three U (1) factors which survive as global symmetries in the low energy effective model. The Standard Model fermions are accommodated in the three possible bifundamental multiplets represented by strings with endpoints attached on different brane-stacks of this particular setup. Further, a natural Quark-Lepton hierarchy is realized due to the existence of the additional abelian symmetries.
The ascertainment that the non-perturbative sector of string theory includes higher dimensional objects [1] , the so called Dp-branes, opened up new horizons in model building. The subsequent observation that it is possible to obtain chiral fermions from D-branes intersecting at angles [2] , was of crucial importance towards this direction. In these constructions, matter fields are represented by open strings stretched between intersecting D-brane stacks and they are localized in the intersection locus of the latter. During the last few years, several authors have constructed semi-realistic D-brane models with or without supersymmetry 1 , anticipating that the unknown parameters of the Standard Model (SM) (i.e., mass spectrum etc) will be determined in terms of geometric quantities related to the size and shape of the compactification space [5] [6] [7] [8] [9] [10] [11] [12] [13] .
In a previous paper [14] we proposed a D-brane inspired non-supersymmetric model with U (3) C × U (3) L × U (3) R gauge symmetry and explored in some detail several of its low energy implications. It was found that the emerging effective field theory model is identical with the so-called trinification model proposed long time ago [15] and subsequently analyzed in a superstring context [16] . In the present work, we will examine possible realizations of this model in the context of D6-branes intersecting at angles. We will restrict our present endeavors in the non-supersymmetric case although a supersymmetric version could be also elaborated in a similar manner, provided that proper constraints are taken into account.
2
As mentioned, a Dp-brane is an extended object in p-dimensions. In D-brane model building one exploits the fact that a stack of N parallel, almost coincident D-branes gives rise to a U (N ) gauge group. Chirality arises [5] when intersecting branes are wrapped on a torus with chiral fermions sitting in the various intersections of the configuration. Here, the six-dimensional (6-d) compact space is taken to be a 6-d factorizable torus
To construct the D-brane analogue of the trinification model, we consider three stacks of D6-branes, each stack containing 3 parallel almost coincident branes giving rise to the gauge symmetry
The first U (3) C is identified with the SU (3) color group, the second involves the weak SU (2) L gauge symmetry and the third is related to the SU (2) R gauge group. Since U (3) = SU (3) × U (1) this Dbrane setup, in addition to the standard trinification gauge group, comprises also three extra U (1) gauged symmetries, thus the gauge symmetry in (1) can be equivalently written
In the D-brane context, matter fields appear as open strings having their endpoints attached to some of the brane stacks. An open string can have its ends attached on any of the three brane-stacks and upon introducing orientifold planes, string-ends may also be attached on the mirror brane-sets. In our particular construction, the following possibilities arise with regard to the spectrum: (i) strings with endpoints attached on two different 3-brane stacks belonging to bifundamentals (3, 3) or (3, 3) of the corresponding gauge group factors, (ii) strings with one end on the 3-brane stack and the other on a mirror brane-stack giving rise to (3, 3) or (3, 3) representations; (iii) strings with both string-ends found on the same branestack, which implies the possible existence of antisymmetric 3 a and/or symmetric 6 s representations of the corresponding U (3) gauge factor.
The appropriate representations to accommodate the standard model particles and Higgs fields are the bifundamental multiplets. Under the symmetry 'decomposition' (2) these lead to the following matter representations
1 For reviews see for example [3] , [4] and references therein. 2 In general, D-brane configurations intersecting at arbitrary angles lead to non-supersymmetric models. These have the shortcomings of possible instabilities due to uncanceled NSNS-tadpoles but we will assume that they can be eliminated realizing the construction on an appropriate orbifold (for a consideration of these issues see for example [9] ).
Hence, the bifundamental representations suffice to accommodate all fermion fields and the Higgs doublets of the Standard Model. However, as mentioned previously, additional fields could arise from strings with one of their ends attached on a mirror brane. These are
and their complex conjugates. In addition, antisymmetric/symmetric representations arise from strings having both their endpoints on the same brane stack. The quantum numbers of the antisymmetric representations under the full gauge group are A C = (3, 1, 1) (−2,0,0) , A L = (1, 3, 1) (0,−2,0) , A R = (1, 1, 3) (0,0,−2) (plus their complex conjugates) and similarly for the symmetric ones. Notice however, that several of the above additional states under the standard hypercharge definition, carry exotic (non-standard) charges. For example, A L,R are fractionally charged with charges Q AL,R = (±1/3, ±2/3). The appearance of fractionally charges states is a generic phenomenon in string theories and could be a potential problem as long as they remain in the light spectrum. Interestingly, in the context of the D-brane analogue of the trinification model, it is possible to remedy this problem by redefining the hypercharge using an appropriate (anomaly-free) linear combination of the extra abelian factors.
One of the characteristics of string derived models is the appearance of anomalous U (1) symmetries. In the present model all three U (1) C,L,R appear to be anomalous, however, it has been shown [14] that there is an anomaly-free U (1) combination
The remaining two orthogonal combinations U (1) C − U (1) R and U (1) C − 2U (1) L + U (1) R have anomalies which are canceled through a generalized Green-Schwarz mechanism [19] providing masses to the corresponding gauge bosons. It can be checked that the exotic states are charged under (9) , while the bifundamentals accommodating the SM fermion and Higgs matter fields are neutral under the anomaly-free U (1) Z . In this case it possible to define a new hypercharge component
(where Q C,L,R refer to the U (1) C,L,R charges respectively) corresponding to U (1) Z , so that the hypercharge definition is generalized as follows
The previously fractionally charged states, now under the definition (11) obtain integral charges, while SM states being neutral under U (1) Z are unaffected.
In order to present a specific realization of the 'trinification' model in the intersecting D-brane context, we turn now to a short description of the essential ingredients for model building [4] . In the intersecting Dbrane scenario, the multiplicities of the chiral fermions are related to the open stings attached on the various brane-stacks, expressed in terms of the various intersections of the configuration [2, 5, 6] 
where the (n ai , m ai ) represent the winding numbers of the D a -stack around the two radii of the i-th torus.
In the present construction, we will allow for the possibility of magnetic fluxes and let m ai admit also halfinteger values (tilted torii). Additional matter fields arise from the sectors D a − Ω R D b 3 , while the relevant representations belong to (3, 3, 1) , (3, 1, 3) and (1, 3, 3) plus their conjugate fields. Their multiplicity is given by
Finally, for each gauge U (3) group factor, there are in principle symmetric (6 s ) as well as antisymmetric (3 a ) representations due to the invariant D a − Ω R D a sector. The three antisymmetric representations are (3, 1, 1), (1, 3, 1), (1, 1, 3) and similarly for the symmetric ones. Thus, the D a − Ω R D a sector provides
antisymmetric representations and
symmetric as well as antisymmetric representations for the particular gauge factor represented by the D a brane-stack.
The winding numbers which determine the multiplicity of the spectrum and other crucial parameters (i.e. gauge and Yukawa couplings) of the effective field theory, are subject to several restrictions. The most important are the Tadpole and anomaly cancelation conditions. Furthermore, conditions should also be imposed on n ai , m ai in order to obtain the correct number of fermion generations and Higgs fields, and at the same time to eliminate unwanted states from the spectrum. Before we analyze in detail the conditions with respect to the spectrum of the particular model, we summarize for convenience the Tadpole and anomaly cancelation conditions. The restrictions imposed on the (n ai , m ai ) sets originating from the RR-type tadpole conditions read:
where the indices i, j, k take the values 1, 2, 3 and refer to the three torii T 2 . The additional constraints imposed on the winding numbers due to the cancelation of mixed anomalies arise as follows [7, 8] . The gauge group structure of the D-brane constructions involves symmetries
The first part is proportional to the non-Abelian anomaly and therefore it is zero, however the second part does not vanish even after imposing the Tadpole conditions presented above. The cancelation of the U (1) anomalies in these models is analogous to the heterotic case: closed string modes coupled to gauge fields give rise to a generalized GS-mechanism. In particular, in 10 dimensions there are RR-fields C 2 , C 6 which upon dimensional reduction give the two-form fields , where [7, 8, 6] n b1 n b2 n b3
Combining both couplings, the anomalies A ab are canceled since it holds
Thus, to cancel the anomalies, some products c should be non-vanishing, while due to the B i 2 couplings, some U (1) combinations become massive. This also happens for the anomaly-free U (1)'s whose corresponding combination does not couple to F ∧ F . Notice that this mechanism does not involve any non-zero vev for some scalar field, so as a result the U (1)'s remain as global symmetries in the low-energy effective theory.
We have already enumerated the trinification spectrum which can in principle be derived in the context of a D-brane configuration with U (3) 3 gauge symmetry. Our intention here is to construct a D-brane nonsupersymmetric analogue in the context of intersecting branes, where supersymmetry is broken by gauge fluxes [17, 18] or in its dual picture by the different intersection angles. Thus, in what follows semi-realistic low energy effective trinification models with three generations and the possible minimum number of other matter fields are derived in the context of intersecting D-branes. More precisely, Tadpole and anomaly cancelation conditions as well as other constraints on the winding numbers of the branes around the three torii are imposed to obtain classes of models with the required effective field theory characteristics. We start with some mild initial assumptions, and derive two particular families of solutions which imply three generations and the minimum number of additional fields.
First, we will make the simplified assumption that the winding number n c2 of the color brane on the second torus is zero. A simple inspection of the multiplicity equations shows that a consistent solution could arise by setting two more n ai 's equal to zero. Thus, we start with
We should note that these conditions immediately imply that the contribution of the observable sector to the Tadpole condition T 0 is zero, i N i n i1 n i2 n i3 = 0. However, one can always add extra branes along the orientifold plane without intersections with the observable sector, whereas their contribution to T 0 can be adjusted so that
We proceed further by imposing the necessary conditions to obtain the desired spectrum. We first start with the sectors D a − Ω R D b . We already noticed that the representations Q ′ (3, 3, 1), and Q ′ c (3, 1, 3) contain exotic quark fields, thus the corresponding quantities
representing their multiplicities in the spectrum should be zero. Hence, we fist impose the conditions I cl * = 0 and I cr * = 0, which imply the relations n c1 = − mc1n l1 m l1
and n r3 = − mr3nc3 mc3 . There is one more representation originating of the same sector, namely L ′ (1, 3, 3) , which under the standard hypercharge definition (6) contains fields with exotic charges. However, if one extends the hypercharge definition according to (11) , the fields obtain ordinary lepton charges. Their relevance in the spectrum will be discussed in conjunction with the Tadpole conditions. Left-and right handed quarks are accommodated in Q = (3,3, 1) and Q c = (3, 1, 3) and live in the intersection loci D c − D l and D c − D r respectively, while leptons are in L = (1, 3,3) , and are found in the intersection of D l − D r brane stacks. The number of generations is related to the intersections I ab , thus we impose the conditions I cl = 3, I cr = −3 and I lr = 3 which lead to further constraints on the winding numbers. Substituting in the Tadpole conditions the T 2 = 0 is automatically satisfied, whilst the remaining can be expressed as follows
where r = m l1 m l2 m l3 and t = m c1 m c2 m c3 . In addition the number I lr * of the states (1, 3, 3) , is given by
The vanishing of the remaining Tadpole conditions (22) require r = t, which also implies I lr * = 0. Thus, the only remaining fermionic states beyond those accommodating the three families, arise from the D a − ΩRD a sector. The antisymmetric representations are
while there are also symmetric as well as antisymmetric ones whose multiplicity is given by
Thus, there is an equal number of antisymmetric representations for each gauge group factor a = C, L, R, and this also holds for the symmetric ones. It is worth noticing that the result I ′ aa * = −4t imposes one more constraint on the winding numbers m ai . Indeed, since in the present case m ai = 0 and t = m a1 m a2 m a3 while 4t should be an integer, we conclude that at most two torii can be titled. Summarizing, there is a family of solutions of three generation trinification models determined by the following relations imposed on the wrapping numbers (n ai , m ai ),
(25)
One can be re-express the left-hand side of the above expressions in terms of seven integer parameters and seek explicit solutions. In Table 1 a specific example of winding numbers satisfying the above constraints is presented. They imply three generations and the existence of I aa * = −2 antisymmetric as well as I ′ aa * = 1 symmetric representations for each group factor.
We have already asserted that in the D-brane construction of the trinification model one is confronted with the appearance of mixed U (1) a − SU (3) b anomalies A ab due to the three extra abelian factors. As discussed, two linear U (1) C,L,R combinations have mixed anomalies with the non-abelian gauge symmetries while the linear combination (9) is anomaly free. According to our previous discussion, the anomalies in Table 1 : A specific example of winding numbers for the case (25).
the present model are canceled by a generalized Green-Schwartz mechanism. In particular, the non-zero coefficients c i a involved in the anomaly cancelation conditions (17) are found to be
The coefficients d i a can be calculated similarly. Using the relations (25) one finds that the sums in (17) are
which consistently cancel the triangle mixed anomalies given by A ab = 4 Therefore the anomaly -free U (1) Z ′ becomes also massive while the corresponding abelian symmetry is broken and survives only as a global symmetry in the low-energy effective model. Clearly, in this case the hypercharge redefinition (11) is not possible. This fact has rather significant impact on the properties of the additional spectrum of the model, since under the conventional definition of the hypercharge, the antisymmetric triplets carry exotic fractional electric charges.
Perhaps, the most annoying exotic representations in the previous example are those having nontrivial transformation properties under the color gauge group, namely the symmetric and antisymmetric representations originated from open strings with both end-points on U (3) c . It is possible to eliminate those states by demanding I cc * = 0. For example, starting with the condition m c2 = 0, one immediately obtains I cc * = m c1 m c2 m c3 = 0. Proceeding as in the previous case, we may further impose the conditions to obtain three fermion generations and I cl * = I cr * = 0 to avoid additional exotic states. To satisfy Tadpole conditions we need to impose further constraints. For example, eliminating T 1 , we solve for m c1 and substitute to the remaining conditions. In this case we find also that T 3 = 0 is simultaneously satisfied, while
where y = m c3 m l1 m l2 and x = n c1 n c2 n l3 . Apparently the condition (26) can be satisfied by setting m r1 = 0, but a simple analysis shows that we should also have n l3 = 0 which further implies T 0 = 0. Hence, condition (27) can be fulfilled only in the presence of hidden matter in the sense described also in the previous case. It can be checked that in this case the only extra representations remaining in the 4 In its most general definition (11) the hypercharge is a linear combination of the X L ′ ,R ′ generators of the corresponding non-abelian gauge groups and the three factors U (1) C,L,R . As far as the component Y Z ′ = P a=C,L,R Qa, related to the three abelian factors is concerned, we need to ensure that no closed string mode renders it massive, thus we should have P a=C,L,R c i a = 0, ∀ i. This, however, cannot be satisfied in the present example. Table 2 : A specific example of winding numbers for (28).
spectrum are the SU (3) L antisymmetric (A L ) and symmetric (S L ) ones with multiplicities ± 6/z and −6/z respectively, where z is the integer z = n c1 n c2 n c3 . Summarizing, the conditions imposed on the winding numbers for this particular solution, are
(28)
with |z| assuming one of the integer values 1, 2, 3, 6. In Table 2 a specific example is given for this second case.
We concentrate now on some aspects of the low energy effective model implied by the above construction. A decisive factor for the viability of a model is its prediction for the fermion mass spectrum. Indeed, among the unresolved problems within the Standard Model theory, is the hierarchy of the fermion masses. The revelation of a mechanism generating such a hierarchy would be an attractive feature of any model incorporating the SM theory. In intersecting D-brane models Yukawa couplings are suppressed by an exponential factor λ ijk ∼ e −A ijk , where A ijk is the triangle world-sheet area whose vertices are identified at the locations of the fields participating in the coupling. It is expected that this geometrical nature of the couplings is intimately related to the hierarchical nature of the fermion masses. Another important role in the determination of the Yukawa potential is played by the various surplus U (1) factors which survive as global symmetries at low energies. In the present model in particular, due to the existence of the additional U (1) C,L,R symmetries, only the following Yukawa coupling is present at the tree-level Yukawa potential
providing up and down quark masses as well as masses for the extra triplets. It should be noticed that in these constructions scalar fields with the same quantum numbers and multiplicity as the corresponding fermions are found at the intersections. The fields H a = (1, 3,3) participating in the above coupling carry the same quantum numbers with leptons and have the same multiplicity. This is a welcome fact since in the trinification model at least two Higgs are needed to obtain realistic quark mixing.
On the contrary, the extra U (1) C,L,R factors do not allow the existence of tree-level lepton couplings in the Yukawa potential. The lowest order allowed leptonic Yukawa terms arise at fourth order,
where M S is the effective string scale. These terms induce masses to the charged leptons suppressed by a factor M R /M S compared to quark masses, providing thus, a natural quark-lepton hierarchy. They also predict Dirac and Majorana neutrino mass terms [14] . However, additional terms should be considered in order to provide with masses the exotic matter fields. The perturbative Yukawa terms considered above are not the only source of fermion masses in string theory. Indeed, it has been known some time ago that the space-time superpotential, is modified by world-sheet instantons [19] , while recently mechanisms through instanton effects for generation of masses and the decoupling of the exotic matter have been examined [20, 21, 22] . A more detailed discussion for the fermion mass problem and other issues of vital importance in this model will be devoted in a longer publication.
